Abstract-A systematic experimental and theoretical evaluation of stiction between intermittently contacting silicon surfaces in an ultra-clean encapsulation process is presented, evaluating magnitude of stiction forces, the reversible nature of sidewall contact, and repeatability of results. The uniquely stable environment and the lack of native oxide are leveraged to enable reliable collision and contact models, which confirm the nature of the asperity contact. In addition, we demonstrate a series of dynamic mechanical anti-stiction solutions and the mechanisms by which they mitigate stiction. These devices are shown to reduce susceptibility to stiction-related failure by 50%.
are responsible for most stiction forces: capillary attraction, electrostatic force, hydrogen bonding, and van der Waals forces [4] . Van der Waals forces, in particular, are unavoidable, as they exist between any pair of surfaces in close proximity [5] , but all of these forces are common in MEMS devices during fabrication or use.
There have been numerous attempts to characterize and model stiction forces in the past, such as those arising from capillary forces on cantilevers [6] , organic materials on silicon [7] , or due to repeated impacts in a single device [8] . Atomic force microscopy has been used as a tool to measure the attractive force of various materials used in MEMS devices [9] , [10] . Additionally, MEMS test devices have been fabricated specifically to investigate stiction. For instance, a thorough investigation of adhesion in polysilicon devices found stiction to depend upon impact energy and contact area [11] . Experimental results have also been matched with numerical models for forces such as Van der Waals, or capillary attraction [12] , [13] . Broadly applicable results, however, continue to be elusive due to the wide variety of devices, materials, fabrication techniques and test conditions. Previous work has shown that stiction may or may not exhibit dependence on many factors, such as area, humidity, contact force, surface treatment, process and cycling [11] , [14] [15] [16] [17] .
As a result of the significant problem posed by stiction, considerable efforts have gone into development of effective anti-stiction strategies [18] . These efforts may broadly be categorized into three groups -chemical surface treatments, physical surface treatments and mechanical anti-stiction designs. Chemical surface treatments, typically organic selfassembled monolayers or vapors, have been shown to improve resistance to capillary attraction and chemical bonding by several orders of magnitude [19] . Hard surface coatings also can improve resistance to stiction and wear [20] . Physical surface treatments concentrate on reducing effective contact area, often by increasing surface roughness [21] . This can also be very effective in reducing stiction, and can additionally reduce van der Waals forces to a much greater degree than chemical methods [5] , [13] .
The mechanical anti-stiction methods span a wide array of device-specific designs to eliminate, reduce or modify contact. Some devices are designed to be sufficiently stiff, or have large enough gaps to prevent any contact from occurring during acceptable operating conditions. Although this necessarily circumvents the problems created by stiction, it imposes strict conditions upon the device design, often requiring specialized fabrication, or lower device sensitivity [22] . Bump stops, or over-travel stops, are a nearly universal feature of MEMS devices, serving to limit contact area and prevent electrical shorts [23] . An innovative extension of the basic bump stop is the spring stop [24] . These stops allow sliding contact, reduced contact forces [25] and storage of impact energy [26] . Systematic study of dynamic bump stops has not been conducted due to the wide variety of materials and device configurations that dominate the design and application.
High temperature, wafer scale, epitaxial encapsulation is a unique MEMS packaging technique that can enable hermetically sealed, ultra clean pure silicon devices with a silicon cap [27] . As compared to traditional packaging techniques such as cap bonding, this process results in devices with oxidefree surfaces in a near vacuum, pure hydrogen environment. These features are a direct result of the epitaxial sealing cap, which is grown in an ultra-clean silicon growth environment at 1100°C. Benefits include the ability to fabricate high performance MEMS devices with high stability [28] , [29] , high quality factor [30] , no detectable fatigue [31] , and the possibility of integrated or "combo" sensors [32] .
The encapsulation process has significant implications regarding stiction. Most typical sources of adhesion force are not relevant in this hermetic environment. For instance, capillary attraction and hydrogen bonding are impossible without humidity and hydroxyl groups (-OH), respectively. Similarly, in the absence of oxide or any other dielectric coatings, electrostatic forces due to trapped charges are eliminated. Van der Waals forces, however, could be maximized due to extremely smooth sidewalls [27] . In addition, the high temperature sealing step precludes the use of anti-stiction surface treatments. The encapsulated environment provides unique challenges with regards to stiction, but also the opportunity to realize high performance designs. Preliminary investigation of stiction in this process has shown the reversible nature of sidewall contact, with stiction forces less than 45 μN [1] . In addition, previous work has suggested the possibility of reducing the effect of stiction through mechanical anti-stiction measures [2] . The highly consistent nature of the process also allows for unique investigation of the nature of the stiction forces on native oxide-free single crystal silicon in an extremely well controlled environment, and subsequently, the most effective mechanical means of overcoming these stiction forces.
II. EXPERIMENTAL SETUP

A. Stiction Test Structure Design
In order to study the nature of the stiction forces in encapsulated MEMS devices, a series of test structures were designed. The test devices incorporate several key features: actuation to force a surface contact, defined contact geometry, measurement capability, and design within standard process rules. In addition, the test structures were designed to resemble a generic inertial sensor to maintain relevance to real devices. A schematic of the device is shown in Fig. 1 . The device is fabricated on 40 μm thick single-crystal silicon, in the wafer-scale encapsulation process, resulting in a near vacuum environment with pure silicon surfaces.
B. Electrostatic Actuation
The device is actuated by applying a voltage between the proof mass and pull-in electrode, as shown in figure 1 . This creates an electrostatic force which pulls in the proof mass. The force is non-linear, and the proof mass snaps in towards the bump stop at an expected voltage (henceforth referred to as the pull-in voltage) and displacement.
The relations in equation (1) allow us to calculate the expected pull-in voltage, where k is the suspension spring constant, g o is the resting electrostatic gap, A el is the electrode area and ε is the permittivity of free space. Beyond this point, the electrostatic force grows more quickly than the spring restoring force, until the proof mass contacts the bump stop. As the electrostatic voltage is then reduced (assuming the over travel stop is immobile), the pull-out voltage is expected to be governed by equation (2) , in the absence of stiction, where b is the height of the bump stop.
C. Measurement Techniques
Several transduction techniques were used throughout the course of this study to fully understand the behavior of the devices. A semiconductor parameter analyzer (HP 4156B) was used to detect electrical contact and measure resistance between the proof mass and bump stop, with a precisely limited current (500pA) to minimize localized heating and electro-welding.
To detect the position of the proof mass, a high-frequency AC impedance measurement was carried out with an LCR meter (Agilent E4980A). Treating the proof mass and pull in electrode as a parallel plate capacitor, we can easily determine the relative position of the proof mass from the change in capacitance.
The basic current-voltage and AC impedance measurements both generate high precision information, but are limited in bandwidth. Each of these techniques has a maximum measurement bandwidth in the sub-kHz regime, and therefore are unable to reflect the real-time dynamics of typical MEMS devices. In order to gain insight into the higher speed dynamics, we measure the motional current generated as the capacitance of the parallel plate arrangement changes, as shown in figure 2 .
The current, I, developed by moving charge, Q, is shown in equation (3, 4) . It is proportional to the velocity of the proof mass, v, and can be measured at very high rates with a GHz analog-to-digital converter, revealing the fast movements and oscillations of the proof mass.
D. Mass-Spring-Damper Model
The basic behavior of this device may be modeled as a mass-spring-damper system with intermittent contact, using equations (5-10).
The forces are defined as follows: F S is the main suspension force, F el is the electrostatic force, F co is the contact force between the proof mass and bump stop.
The intermittent contact of the proof mass with the bump stop is modeled by a simple elastic collision model. This was implemented by simulating the dynamics of the bump stop as a spring with mass and the following constraints: the position of the proof mass edge may never be greater than the position of the bump stop, and the maximum tensile force at the contact point is limited to the estimated adhesion force before the contact is disrupted. The equivalent spring stiffness (k co ) is calculated by applying Hooke's Law (9) to the geometry of the bump stop, where E is the Young's modulus of silicon in the 
III. STICTION IN ULTRA-CLEAN VACUUM ENCAPSULATED MEMS
A. Stiction Force Measurement
The essential questions regarding the basic nature of stiction in encapsulated MEMS devices, such as magnitude of the force, consistency of this result, and geometric dependence, were investigated with the electrostatically-actuated test structures. The basic pull-in and release measurement allowed us to determine the stiction force after such an impact from the difference in pull-in and pull-out voltages. The basic measurement from the Agilent/HP 4156B Semiconductor Parameter Analyzer is shown in Fig. 3 .
We can see from figure 3 that the adhesive or stiction forces retard the release of the proof mass. Using equations (1, 2), the forces were calculated for over 20 devices and the summarized results are presented in Table I .
It is interesting to note that the forces are not overwhelming compared to the typical forces in a MEMS device, and therefore that pure silicon-silicon contact does not result in irreversible attraction. The significant distribution of measured stiction forces within the measured range has two contributing factors. Firstly, high-impact surface contacts are fundamentally stochastic in nature, and therefore some variance is to be expected. This is exaggerated, however, by the hot-switching contact measurement technique. Differences in the current flow through the contact due to varied contact resistance and The rounded outcroppings at the top and bottom of the profile seen in the SEM, and the extremely low roughness in the STM image both result from high-temperature annealing during encapsulation.
parasitic capacitance additionally contribute to the variance. Despite this, the complete range of observed forces is within reason for a MEMS device, and may not dominate the dynamics. For instance, the inertial force on an accelerometer or driving force on a resonator is typically in the range of ∼10uN. Even devices with relatively weak suspension springs will often have more restoring force than the measured stiction forces.
B. Asperity Dominated Contact
Since stiction typically arises from forces that are proportional to area, we would expect the stiction force to be proportional to the area of the contact, defined by the width of the bump stop. To explore this expectation, the test structures were designed with different contact configurations, as shown in figure 4 .
The results, however, demonstrate no correlation between stiction force and the designed contact area. None of the variation in stiction forces between different devices can be explained by difference in contact area.
This result suggests that local asperities dominate contact behavior. The actual contact area is not defined by the area of the bump stop, but rather by asperities on the opposing surfaces ( fig. 5 ). Though at the nano-scale, the silicon surfaces have root mean square roughness less than 0.2nm, the high temperature encapsulation consistently forms micro-scale protrusions on the sidewalls, which substantially affect the contact. The asperities are formed by properties fundamental to the pure silicon encapsulation process, such as the fracture strength and Young's modulus of silicon, and the high temperature encapsulation of deep-reactive ion etch surfaces. Silicon migration during high temperature annealing is controllable, and has been studied elsewhere [33] . This result is of considerable significance, as it allows for some degree of design freedom in geometry, device and bump stop configuration, while maintaining roughly the same stiction performance. This is in contrast to many other results, which are highly dependent upon device configuration or specific anti-stiction treatments and thus cannot easily be applied to arbitrary devices.
As a consequence of the extremely clean environment, and fundamental nature of the relevant adhesive forces, this asperity contact should fall within the regime that is well represented by Hertzian contact models. Specifically, the Derjaguin-Muller-Toporov (DMT) extension of the basic Hertzian contact model [34] , [35] is well suited to adhesive contact between stiff materials, and surface with relatively small radii of curvature [36] .
The DMT model allows us to estimate the true contact area, and pull-off force (which in this investigation is equivalent to the stiction force) with the relations shown in equations (11, 12) .
The radius of curvature (R) may be determined from SEM images of the device and sidewall profiles, and the Young's Modulus (E) is well defined for single crystal silicon [25] . The applied force (F) is easily calculated from the electrostatic and spring forces acting on the proof mass. The surface energy (γ ) can be estimated from values reported in literature. These values span a wide range, from 140 mJ/m 2 for rough polysilicon [37] , to 1510 mJ/m 2 for the energy required to propagate a crack though single crystal silicon [38] . These parameters, summarized in table II, can be used to estimate the stiction force.
The DMT model indicates that the surface adhesion in these test structures spans from that expected for a rough polysilicon surface, all the way to perfectly-aligned single crystal silicon surfaces, as shown in table III.
The Hertzian contact models assume elastic contact between asperities with no plastic deformation. However, during the initial high-impact collision the contact area predicted by this model (.14um 2 ) is less than the minimum area required to avoid exceeding the fracture stress of silicon (.23um 2 ). This implies that while the model accurately describes the steadystate results, during the initial impact, some small amount of plastic deformation may occur. This deformation serves to distribute the stress over a larger area, eliminating some of the mismatched asperities between the contacting surfaces, and driving the surface energy towards the perfect single crystal silicon case.
Depending upon the random distribution of asperities and local stress profile during the initial impact on each test device, the deformed surface will maintain some fraction of the original asperities. This post-deformation surface determines the stiction force, as measured by the pull-in testing, and evolves relatively slowly during subsequent tests.
To confirm this analysis, we compare an additional measurement to results from this same model. The measured contact resistance should be inversely proportional to contact area, and if the model is an accurate representation, it should demonstrate the same dependence. In fig. 6 , we see that the modeled and measured data show a similar trend between stiction force and contact resistance.
The nature of the asperity-dominated contact revealed by these measurements and modeled results allows us to bound the expected stiction force to within a limited range. In addition, it suggests that limiting contact forces may preserve asperities and reduce the probability of stiction occurring.
C. Repeated Contact Cycles
Repeating the contact cycle measurement allows us to examine the evolution of the surface adhesion as a result of multiple impacts. An example measurement is shown in figure 7 .
This result demonstrates that the device contact can be relatively robust. Despite being reliant upon asperities, the contact may survive thousands of cycles with relatively small changes in stiction force. In addition, if we examine the data for a larger set of devices, we confirm that there is little Fig. 7 .
Time history of pull-in/out voltage and contact resistance over 16,000 cycles. correlation between designed bump stop area and stictionrelated performance. Figure 8 shows the number of cycles withstood by each device before the breakdown of normal switching behavior.
Once again, there appears to be no correlation between contact area and stiction-related failure, affirming the conclusion that actual contact is dominated by asperities.
D. Batch-to-Batch Repeatability
In order to investigate the effect of small fabrication process variations on the magnitude of stiction forces, a series of low-profile test structures were included in six fabrication runs. These runs encompassed variants of the basic process such as different device layer thicknesses (20 - 40 μm) , the inclusion of top electrodes in the cap, silicon nitride etch stops through the device and a wide variety of etch and growth recipes. The test structures used in this part of the investigation were in-plane cantilevers (figure 9).
These cantilevers provide a simple method of checking for surface adhesion, while consuming little valuable die space. The cantilevers were designed with different length, effective mass and contact configuration. These parameters allow us to confirm the role of various factors such as stiffness, resonant frequency and contact geometry in stiction failure.
During the final steps of fabrication and wafer handling, after the devices are released, inertial forces (for example, from spin coating and wafer dicing) cause the cantilevers to contact the sidewalls. The stiffer cantilevers, with restoring force greater than the stiction force, break from contact, while those with insufficient restoring force remain stuck. Figure 10 shows the fraction of cantilevers of each stiffness that did not remain adhered due to stiction.
This result demonstrates several interesting features; firstly, as expected, spring stiffness has an extremely strong correlation with likelihood of overcoming stiction. Stiffness, and consequently restoring force, was much more closely correlated with cantilever survival than resonant frequency or released length -parameters that are often used as design guidelines. Secondly, despite the non-trivial modifications to the process and fabrication tools, the test results are extremely similar for each fabrication run. This insensitivity to fabrication variations again suggests that the stiction forces are determined by fundamental material properties, such as surface energy, Young's modulus and fracture stress.
In addition, it is clear that the test structures with spring stiffness greater than 18 N/m have a very high likelihood of successful release from surface contact. This allows for the formation of design rules that help ensure future designs will be able to overcome stiction. As a result of the consistent nature of past results, and evidence suggesting that stiction in this process is determined by fairly fundamental bases, these design rules are well founded, and should have broad applicability to encapsulated, pure silicon devices.
IV. DYNAMIC MECHANICAL ANTI-STICTION SOLUTIONS
The stiction performance of encapsulated, pure silicon MEMS devices is both extremely consistent and constrained by the unavailability of many typical anti-stiction methods. As a result, innovative mechanical methods of overcoming stiction within a constrained, single material process are required.
A. Spring Bump Stops
In order to evaluate the effectiveness of mechanical anti-stiction measures, another set of test structures was used. Like the structures used for the static tests, these structures are also electrostatically actuated pull-in devices and resemble the basic features of an inertial sensor. The key difference in these test devices is the use of spring bump stops, in place of the standard immobile over-travel stops. Given the constraints of the process, the spring bump stops were designed as 3 μm-wide beams with a contact point protruding 200 nm above the pull in electrode. This allows for some amount of deflection without contacting secondary structures, such as the pull-in electrode.
Spring bump stops of different lengths and contact angles were fabricated to reveal the effects of spring stiffness and perpendicular motion on overcoming stiction forces. The spring lengths ranged from 20 -50 μm, and angles from 0 -90°. Examples of these different springs are shown in figure 11b-c, and the fabricated device is shown in figure 12 .
Measurements of the proof mass position during testing were conducted by measuring the capacitance between the proof mass and pull-in electrode. These measurements enabled the position of the proof mass to be calculated for each pull-in voltage, as shown in figure 13 . It is essential to note that as a result of the measurement bandwidth, these experiments are conducted in a quasi-equilibrium condition; each measurement required ∼1s to collect, so the device necessarily came to equilibrium at each voltage step, and the natural high-speed dynamics are not revealed in this test.
This result in figure 13 shows the expected features of a pull-in hysteresis curve; the proof mass moves towards the pull-in electrode with increasing voltage, until it reaches the unstable point and snaps in to the bump stop. Since the bump stop is a compliant spring, further increases in the voltage pull the proof mass closer by deflecting the bump stop spring. As the voltage is reduced, this deflection is reversed, until the sum of the electrostatic and stiction forces is insufficient to maintain the proof mass in the pulled-in position, and it snaps back to equilibrium. As a result of the interdependency of position and force, we cannot solve for the major uncertainties (such as over-etch) in our devices, and therefore cannot use equation (2) to solve for the stiction force. As a result, we rely upon alternative metrics to evaluate the relative performance of the different designs. One such metric is simply the width of the hysteresis band between pull-in and pull-out. This difference in voltage is a direct proxy measurement for stiction force, and the smaller the difference, the smaller the stiction force. This result is shown in table IV, for the devices, both by bump stop spring length and spring angle. While the data suggests that the 20 -30 μm and 45°spring bump stops may significantly improve the ability to overcome stiction, this conclusion is obscured by a large variance from device to device. This variance may be explained by fabrication tolerance and error, and by a measurement process that is highly sensitive to disturbances. The longer springs are insufficiently stiff to arrest the movement of the proof mass, and sometimes allow electrical shorting and therefore catastrophic failure to occur.
A more robust alternative metric is simply to observe what fraction of each device configuration survives the high impact surface contacts endured during fabrication and pull-in testing. This result is also more indicative of real-world performance, where the most important requirement is simply that the devices avoid stiction related failure in fabrication and use.
The data shown in figure 14 , compiled from over 300 test devices, clearly demonstrates that the addition of spring bump stops can significantly reduce susceptibility to stiction-related failure.
The results of the quasi-equilibrium measurements also enable us to verify our dynamic model of the pull-in test device with spring bump stop. The simulated result, in figure 15 , shows nearly identical behavior to the measured result.
There are a few differences, however, which are extremely important to note. The most significant difference is the considerable overshoot that occurs with pull-in and pull-out. These high-speed transients are produced by the dynamics of the device, but evolved too quickly to capture with a traditional capacitance measurement.
B. High-Speed Transduction of Spring Bump Stops
The natural high-speed dynamics of the test devices suggest the possibility of better understanding the contributions to the adhesion force and methods of overcoming it. Measurement of the motional current generated when the proof mass is moving allowed high speed measurements of the velocity throughout the testing procedure. The results of this measurement on a pull-in device are presented in figure 16 .
This result shows a close correspondence with the modeled behavior; before impact, the proof mass accelerates rapidly until it contacts the spring bump stop. Following the initial contact, the proof mass rebounds and enters an exponentially decaying oscillation. The large amplitude of these oscillations is enabled by the spring bump stops. Comparing the velocity profiles from a spring bump stop and hard bump stop impact (figure 17), we may explain the improvement in stiction performance yielded by the spring stops. The hard bump stop converts far less of the collision energy to harmless oscillations than the spring stop. Instead, that same energy is dissipated through much more destructive pathways, like permanent deformation of the contact surfaces. By avoiding this destructive impact, the spring bump stops are able to maintain a much reduced effective surface energy, and thus minimize surface forces, resulting in the improved resistance to stiction-related failure seen in the section above.
The importance of high-speed dynamics is not limited to the initial impact; rapidly switching off the pull-in voltage allows the energy stored in the deflected spring to be recovered to aid in breaking the surface contact. Furthermore, this configuration is much more representative of an inertial impact in a real device, as the shock loading is typically removed suddenly, rather than ramping down slowly over several seconds.
The results seen in figure 18 show clearly that removing the electrostatic pull-in force quickly significantly reduces the effect of stiction forces. Utilizing the stored energy in Fig. 19 . a. After cycling, the test device shows unchanged pull-in behavior. b. After cycling, the test device also shows unchanged pull-out behavior.
the spring to break the surface adhesion achieves excellent resistance to stiction failure under realistic test conditions.
Repeating the pull-in and pull-out cycles indicates that these results should be quite robust and stable. Subjecting a test device to 1440 cycles at the same pull-in and pull-out voltages shows that the behavior is very nearly identical before and after cycling ( figure 19 ), within the precision of the measurement.
Taken together, the results of the investigation on spring bump stops show that they significantly improve resistance to stiction failure. High speed measurement and actuation both further improve this result, and illuminate the mechanisms responsible for the improvement. The spring stops serve to reduce the impact forces and utilize stored energy from the impact to assist in breaking the adhesion. The results appear to be stable and broadly applicable to devices that may encounter unexpected surface contact.
V. CONCLUSION
In this work, we have developed a systematic method for measuring and simulating impacts and real-world conditions leading to stiction. We have used these techniques to thoroughly investigate stiction in pure-silicon MEMS devices, and have shown that silicon-silicon contacts are reversible, even under high loading and repeated contact. While there are significant stiction forces, the magnitudes are modest relative to other forces in typical MEMS devices, and can be overcome. The ultra-clean, pure-silicon environment proves to allow modeling of the contact using reliable models, and illuminates the critical parameters, which determine the magnitude of the stiction forces. These results have been shown to be robust to variations in the process, and are thus broadly applicable to MEMS devices with pure silicon surfaces.
In addition, we successfully developed mechanical means of overcoming stiction. These results are different from previous efforts because they are easily adapted to many processes and devices, and require no additional materials or chemical treatments. The improved performance demonstrated by these anti-stiction methods is shown to be accounted for by a reduction in peak impact force, and by utilizing the natural dynamics of the system to provide additional energy, thereby disrupting surface contact. Despite their simplicity, the spring bump stops reduce effective stiction force, or change of stiction failure, by over 50%, and enable the fabrication of high-displacement MEMS devices within encapsulated silicon packaging.
